Hubble Space Telescope (HST) Wide Field Camera 3 (WFC3) infrared observations at 1.1-1.7 µm probe primarily the H 2 O absorption band at 1.4 µm, and has provided low resolution transmission spectra for a wide range of exoplanets. We present the application of marginalisation based on Gibson (2014) to analyse exoplanet transit lightcurves obtained from HST WFC3, to better determine important transit parameters such as R p /R * , important for accurate detections of H 2 O. We approximate the evidence, often referred to as the marginal likelihood, for a grid of systematic models using the Akaike Information Criterion (AIC). We then calculate the evidence-based weight assigned to each systematic model and use the information from all tested models to calculate the final marginalised transit parameters for both the band-integrated, and spectroscopic lightcurves to construct the transmission spectrum. We find that a majority of the highest weight models contain a correction for a linear trend in time, as well as corrections related to HST orbital phase. We additionally test the dependence on the shift in spectral wavelength position over the course of the observations and find that spectroscopic wavelength shifts δ λ (λ), best describe the associated systematic in the spectroscopic lightcurves for most targets, while fast scan rate observations of bright targets require an additional level of processing to produce a robust transmission spectrum. The use of marginalisation allows for transparent interpretation and understanding of the instrument and the impact of each systematic evaluated statistically for each dataset, expanding the ability to make true and comprehensive comparisons between exoplanet atmospheres.
1. INTRODUCTION H 2 O is the most spectroscopically dominant species expected in hot Jupiter atmospheres, and a key molecules for constraining atmospheric compositions. In most lower atmosphere models of hot Jupiters, H 2 O is well mixed throughout the atmosphere, and most features between 0.7 and 2.5 µm are the result of H 2 O vibrationanrotation bands (Brown 2001) . Hubble Space Telescope (HST) Wide Field Camera 3 (WFC3) infrared observations at 1.1-1.7 µm probe primarily the H 2 O absorption band at 1.4 µm, and has provided low resolution transmission spectra for a wide range of exoplanets (e.g. Berta et al. 2012; Gibson et al. 2012; Deming et al. 2013; Wakeford et al. 2013; Knutson et al. 2014; ?) . Using both transmission and emission spectra measured the relative H 2 O abundance in the atmosphere of WASP-43b. They compare the measured H 2 O abundance with the solar system giant planets using the metallicity expected for a 'broadly' hannah.wakeford@nasa.gov solar case, indicating that the trend observed in the metal abundance of the solar system giant planet atmospheres, i.e. decreasing metal enhancement with increasing mass, extends out to exoplanet atmospheres. Wakeford et al. (2013) were also able to obtain a strong detection of H 2 O in the atmosphere of the hot Jupiter HAT-P-1b. The analysis made the use of a common spectral type star in the field of view of the WFC3 detector and performed differential spectrophotmetry using the companion spectrum, similar to methods used from the ground. The robust nature of the transmission spectral shape shown for analysis methods with and without the use of a companion spectrum, shows that the emphasis needs to be placed on methods that not only effectively reduce the data, but ones that can be applied successfully to multiple datasets simultaneously for a true comparative study.
A wide range of reduction and analysis methods have been used on HST WFC3 transit datasets, making comparisons between datasets and planetary atmospheres difficult. Studies of multiple WFC3 datasets have been conducted across multiple programs and observation arXiv:1601.02587v1 [astro-ph.EP] 11 Jan 2016 modes. These have attempted to define a common detrending technique to apply to all datasets Mandell et al. 2013; Ranjan et al. 2014; Haynes et al. 2015) . WFC3 has two main observing modes that are commonly used for transiting exoplanet spectra; stare and spatial scan mode. Stare mode has been used for a majority of HST observations and is useful when observing dimmer target stars where the photon counts/pixel/second is low; observing brighter targets in this mode leads to saturation. Stare mode maintains a constant pointing of the telescope throughout the observation, maintaining the same pixel position on the detector. Spatial scanning mode was made available on WFC3 in Cycle 19 (2012) and is now implemented as the main mode of observations for transiting exoplanets, as targets observed for atmospheric follow-up with such instruments often orbit brighter target stars (V magnitudes brighter than 11). WFC3 spatial scanning involves nodding the telescope during an exposure to spread the light along the crossdispersion axis, resulting in a higher number of photons by a factor of ten per exposure while considerably reducing overheads. This also increases the time of saturation of the brightest pixels, which allows for longer exposure times (McCullough 2011) . Mandell et al. (2013) conducted the first reanalysis test of WFC3 data for , with the addition of the first analysis of WASP-17b. The reanalysis incorporated a wavelength dependent systematic correction over the methods used in the previous analysis. While this study produced almost photon-limited results in individual spectral bins, the spectral features observed in the transmission spectra were degenerate with various models of temperature and compositions making interpretation difficult. Ranjan et al. (2014) conducted a study of four stare mode WFC3 transit lightcurves from the large HST program, GO 12181. However, they were unable to resolve any features in the transmission spectrum for three of the planetary atmospheres, and were unable to extract a robust transmission spectrum for one of the datasets, as different treatments to the data gave moderately different results.
Additionally, the analysis of the very hot Jupiter WASP-12b which was observed as part of GO 12230, P.I. M. Swain is a good example of differences caused from analysis techniques. WASP-12 was observed in stare mode using WFC3 G141 slitless grism which contained the spectrum of both the target planetary host star and the M-dwarf binary companions to WASP-12, which overlapped in the spectral response on the detector. The most recent reanalysis of this data explores the effect of systematic model correction on the absolute transit level measured for the atmospheric transmission spectrum finding that the absolute transit depth is sensitive to the systematic model applied to the data .
Spectroscopically resolving transmission absorption features in transit lightcurves is important for determining compositional information of exoplanet atmospheres. Unlike Spitzer 's IRAC instrument, which is able to obtain photometric points in H 2 O absorption bands, HST WFC3 is vitally able to spectroscopically resolve features in the atmospheres of exoplanets. Accurately determining the parameters of a transiting planet via time series observations is dependent on robustly accounting for any systematic effects from the telescope and detector for both ground and space based instruments. Each of the models used in the literature attempt to correct the array of systematics observed independently in each dataset. However, not all datasets display the same combination of systematics, which appear to be highly dependent on the observational mode and set-up.
In this paper we apply the marginalisation method proposed by Gibson (2014) to not only incorporate the analysis of multiple systematic treatments on the lightcurve but also to be applicable to multiple datasets allowing for a cross-comparison between different transmission spectra. In § 2 we outline the current methods used in the literature to reduce and analyse current WFC3 transit datasets. In § 3 we put forward and discuss the marginalisation analysis technique, which incorporates a number of previously published methods to produce robust transit parameters. We the discuss marginalisation in the context of our observations in § 4 and highlight the key aspects of marginalisation for transit datasets. We then contrast this technique in § 5, to assess the impact of different analysis methods and on the computed transit parameters.
SYSTEMATIC MODEL CORRECTIONS
A transit lightcurve consists of N stellar flux measurements observed at time t, collectively referred to as the data D or the lightcurve. To model each of the lightcurves we calculate a Mandel & Agol (2002) transit model T (t, λ) following a non-linear limb-darkening law as defined in Claret (2000) . The model is then fit to the data by allowing the baseline flux F * , R p /R * , and centre of transit time to vary. We fixing the other planetary system parameters such as inclination and a/R * from previously published values as the phase coverage of HST lightcurves do not well constrain these parameters on their own. The final form of the model fit to the data becomes,
where S(t, λ) is the sytematics model normalised to unity. One of the issues encountered when analysing observational datasets is determining the impact that instrumental systematics have on the resultant measurements. Since the advent of WFC3's application to transiting exoplanets, a number of systematic models have been used to reduce G141 spectroscopic data (e.g. Berta et al. 2012; Gibson et al. 2012; Wakeford et al. 2013; Line et al. 2013; Deming et al. 2013; . Figure 1 shows three examples of systematic trends observed in WFC3 transit lightcurves: "HST breathing" effects, visit-long slopes, and the 'ramp' effect. The"HST breathing" effect shown in Fig. 1a displays a periodic systematic across each orbit of data. This is attributed to the known thermal variations which occur during the orbit of HST as it passes into and out of the Earths shadow, causing expansion and contraction of HST. This can be most easily seen in the middle panel in relation to the HST orbital phase. The "HST breathing" effect systematic has been noted and corrected for in multiple datasets with a variety of parametrised models (e.g.
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Fig. 1.-Three of the main systematic effects observed in HST WFC3 transit datasets: a) "HST breathing" effect caused by the temperature variations in the orbital period of HST. b) Visit-long Slope, a linear trend observed across the entire observing period for all transit lightcurves observed with HST WFC3. c) The 'ramp' effect which is thought to be caused by charge trapping between buffer dumps. Lower panels show the residuals of each dataset with respect to different timeseries parameters. Top: residuals in terms of planetary phase. Middle: residuals in terms of HST orbital phase, where each HST orbit of data is overplotted on subsequent orbits. Bottom: residuals in terms of exposure number. Wakeford et al. 2013; Line et al. 2013; which remove systematics based on functions of the HST orbital time period and phase.
Many groups have also reported a visit-long trend in WFC3 lightcurves. This trend can be seen clearly in the raw band-integrated lightcurve of HD 209458 shown in Fig. 1b , which displays a significant slope across the entire observation period. This can be seen in relation to both planetary phase and exposure number. This systematic trend has not been correlated with any other physical parameter of WFC3 observations. However, it has been shown to significantly affect the resultant system parameters obtained from the lightcurve.
In addition to orbital phase trends, both in planetary and HST space, a number of lightcurves have been dominated by a systematic increase in the intensity during each group of exposures obtained between buffer dumps referred to as the 'ramp' or 'hook' effect (e.g. Berta et al. 2012; Mandell et al. 2013) . The dataset of WASP-17 in Fig. 1c clearly displays this effect, and the bottom residual plot in terms of exposure number shows the highly repeatable aspect of the systematic. This is thought to be caused by charge trapping on the detector and it has been found that the 'ramp' is, on average, zero when the count rate is less than about 30,000 electrons per pixel . This is commonly seen in stare mode observations where the count rapidly builds up over a small pixel range.
Strong wavelength dependent shift of the stellar spectrum across the detector throughout the course of the observation can also affect the spectroscopic lightcurves and therefore the measured transit parameters (Deming . 2013) . Large shifts in the wavelength direction on the WFC3 detector may introduce sub-pixel to pixel sized variations in each spectroscopic bin when dividing the spectrum into wavelength channels. This is likely the result of fast scanning rates used for very bright targets where additional motion during a rapid scan rate can introduce variations between spectral exposures, as fast scan rates spread the stellar spectrum across a larger range of the detector making it much harder for the fine guidance system to hold a fixed wavelength position on the detector. A combination of observational and phase dependent instrument systematics has been observed in all WFC3 transit datasets. We outline the main systematic models used to correct for these effects, with the full list of published systematic correction models presently used outlined in Table 1 .
Exponential model ramp
The first method put forward to correct WFC3 systematics, as an analytical model whose parameters attempt to represent the physical processes of the instrument, was outlined by Berta et al. (2012) defined as the exponential model-ramp. The exponential models apply an exponential ramp over sets of exposures, corrects for orbit-long and visit-long slopes, and is intended to model the charge trapping. Line et al. (2013) show the exponential modelramp in the form of the equation
where F orb /F cor are the lightcurve residuals, θ is the planetary phase, φ is the HST orbital phase, and ψ is the phase over which the ramp feature occurs, which accounts for the visit-long slope V , the orbit-long slope B, and a vertical offset C applied to the whole lightcurve. The exponential model for the ramp has an additional two parameters: the ramp amplitude R, and the ramp timescale τ . This method is used by a number of groups when a ramp is observed in the raw band-integrated lightcurve Knutson et al. 2014) . In cases where the orbital timescale matches the phase over which the ramp occurs a simplification of the rampmodel can be used, as seen in ,
where r 0−4 are free parameters and the phase ψ over which the ramp feature occurs is now equal to the HST orbital phase φ. This is displayed as "θ +e φ +φ" in Table  1 . Fraine et al. (2014) find that a simple linear visitlong correction and a single exponential ramp in HST phase can correct for the systematics observed in the transit lightcurve of the hot Neptune HAT-P-11 without the need for a squared term in time.
Both of these methods rely on the timescales of each ramp to be the same in each orbit and for each orbit to have the same repeating systematic. This therefore depends heavily on the scheduling of each exposure within a HST orbit, which a number of HST WFC3 datasets do not meet.
Polynomial models
An additional polynomial method to correct for "HST breathing" effects in the data is discussed in Wakeford et al. (2013) , which assumes that the effects fit a polynomial function rather than being exponential in nature. This method also seeks to remove the visit-long slope observed in each WFC3 transit dataset using a linear time trend in planetary phase in addition to the HST phase corrections,
where θ is planetary phase representing a linear slope over the whole visit when multiplied by the free or fixed parameter T 1 , φ is HST phase accounting for "HST breathing" effects when multiplied by p 1−n , which are either free parameters or fixed to zero to fit the model to the data.
In addition to "HST breathing" trends, functions in wavelength shift on the detector were needed to correct for systematics seen in the lightcurve of WASP-12 . The systematic model then takes the form,
where δ λ is the array of the shift in the wavelength (x) direction on the detector over the visit, and l 1−n are fixed to zero or free parameters, similar to that used for the "HST breathing" correction. δ λ is created by crosscorrelating the stellar spectrum for each exposure with a template stellar spectrum across the whole wavelength range. This is shown in Table 1 by a combination of the different systematics corrected for e.g. θ + φ N + δ N λ . Importantly, this model does not require each of the orbits to have the same number of exposures, or consistent repeating systematics in each orbit or between each buffer-dump making it a robust method to apply to any transit dataset from WFC3. However, due to the large number of potential free parameters in each systematic model, and the potential to go to high orders of polynomial for each systematic, using this method can potentially introduce additional systematics if the correct model is not initially chosen. Berta et al. (2012) also suggested a separate method, called divide-oot, for correcting the systematic 'ramp' or 'hook' observed in a number of datasets. The divide outof-transit method (divide-oot) relies on the hook systematic being "extremely" repeatable between orbits, HST phase, in a visit.
Divide out-of-transit
Divide-oot uses the out-of-transit orbits to compute a weighted average of the flux evaluated at each exposure within an orbit and divides the in-transit orbits by the template created. This requires each of the intransit exposures to be equally spaced in time with the out-of-transit exposures being used to correct them, such that each corresponding image has the same HST phase and that additional systematic effects are not introduced. While this does not rely on knowing the relationship between measured photometry and the physical state of the camera it does require there to be an even number of exposures equally spaced from orbit to orbit where the exposures occupy the same HST phase space. This is so that the systematics induced by the known "HST breathing" trend caused by temperature variations in its orbit can be effectively eliminated. The divide-oot method relies on the cancellation of common-mode, wavelength independent, systematic errors by operating only on the data themselves using simple linear procedures, relying on trends to be similar in the time domain over a number of orbits. This is listed as 'doot' in Table 1 .
Spectral template corrections
A somewhat similar technique was adopted by Deming et al. (2013) and Mandell et al. (2013) for their analysis of WFC3 data relying on common trends in the wavelength domain. To account for this sub-pixel change in the spectral wavelength solution for the stellar spectrum across each exposure, Deming et al. (2013) introduced a spectral template technique to the extracted spectrum of each image. The template spectrum is constructed from the average observed spectrum from exposures within one hour of 1st and 4th contact. The template is then used to fit the wavelength solution to each exposure spectrum by stretching and shifting it in wavelength, stepping through small increments to determine the best fit solution. The individual spectra are then divided by the template spectrum to create residuals effectively removing any additional background contributions and the wavelength shift on the detector. This technique ('stretch and shift') also allows for the cancellation of common-mode systematics, similar to the divide-oot method, however, this requires the common-mode systematics to be consistent in wavelength rather than in time. This technique is labeled as 'δ λ (λ)' in Table 1 . However, this method only produces a relative depth measurement for the atmospheric signatures and does not provide absolute planet-to-star radius ratio values needed for comparative studies and combined datasets.
3. MARGINALISATION Thus far it is not clear which of the systematic models that have been employed to correct WFC3 transit lightcurves is the best for each individual dataset. However, it is clear that none of these simple systematic models will work for all datasets. We attempt to rectify this by performing a marginalisation over a grid of systematic models which incorporate corrections for the different systematics observed across the exoplanet transit datasets. In this way, model selection does not have such a large influence on the final result.
Use of the Bayesian Information Criterion (BIC) to select between different systematic models, which takes Occam's Razor into effect by penalising models with increasing complexity, has been previously used for WFC3 TABLE 2  Table of all parametrised systematic models applied to the lightcurves showing the combination of visit-long trends as a function of planetary phase (θ), functions of HST orbital phase (φ), and functions dependent on wavelength shifts (δ λ ) in the data. In addition to these models we apply the two exponential orbital phase models outlined in . Table 2 . This is an example of the evidence computed for WASP-31 where the best-fitting systematic model and the raw lightcurve evidence are indicated with arrows.
observations (e.g. Wakeford et al. 2013; Sing et al. 2013; ?; Haynes et al. 2015) , and has been applied to a range of datasets (e.g. Huitson et al. 2013; Crossfield et al. 2013; Nikolov et al. 2014 ). Here we take this one step further by adopting the methodology proposed by Gibson (2014) of marginalising over multiple systematic models to calculate robust transit parameters. This allows us to quantify the degeneracy between our physical parameters of interest and our choice of systematic model. In this case we want to determine the value and associated uncertainty the planet-to-star radius ratio (R p /R * ) for each of our lightcurves after correcting for the systematics inherent in the data. For each systematic model used to correct the data we calculate the evidence of fit, defined as the probability that the data would be produced given the systematic model, which is then used to apply a weight to the parameter of interest measured using that model. A weighted average of R p /R * is then calculated which takes into account the individual weights of each fit and statistical likelihood of each model. This ensures that a variety of systematic models are taken into account when measuring the R p /R * without having to choose between models.
Before marginalisation, the overall systematic models that are going to contribute to the final weighting must be decided upon. We use a grid of 49 polynomial models which incorporate all known identified systematic trends in the data (see Table 2 ), with the addition of the two exponential models outlined by , and the uncorrected lightcurve. All 52 models are then placed into an array of varying free parameters to be fit or fixed in turn and looped over for each lightcurve fit to calculate the weighting assigned to each in turn. We assume equal priors on all the systematic models tested, where no model is preferentially preferred over another.
It is also important to note that marginalisation relies on the fact that at least one of the models being marginalised over is a good representation of the sys-tematics in the data. Our grid of parametrised models includes all combinations of factors up to the fourth order in both HST phase, to correct for "HST breathing" effects, and up to the fourth order in wavelength shift, in addition to the visit-long linear trend noted by all groups. By also incorporating the exponential HST phase models, with a linear and squared planetary phase trend, we make the assumption that this condition of marginalisation is satisfied. Under this approach, we effectively average the results obtained from a suite of systematic models in a principled manner. In doing so, we marginalise over our uncertainty as to which systematic model is actually the "correct" model. This is especially important when several models have equally well fitting systematics, as is often the case.
Evidence and weight
To calculate the weighting assigned to each of the systematic models and subsequently the final marginalised parameter for the planet-to-star radius ratio for each planetary transit, we first have to determine the evidence that each systematic model has when fit to the data. The evidence E q of fit assigned to each systematic model S q is given by the probability of the data D given the model q and is often referred to as the marginal likelihood. In the absence of accurate priors on which to place a likelihood, we can use an approximation for the evidence (Gibson 2014) , such as,
where the BIC is the Bayesian Information Criterion, which is equated to the logarithmic probability of the data given the parameter and systematic model (ln[P(D|α * , S q )]) minus the number of free parameters M multiplied by the log number of data points being fit N .
The BIC is the most commonly used criterion to select between models in the current exoplanet literature. Alternatively to the BIC, the Akaike Information Criterion (AIC) can be calculated, which does not penalise the model as strongly for added complexity given a large number of data points,
(7) Both the AIC and BIC have strong theoretical foundations and can be used for model selection (Burnham & Anderson 2004) . As the number of data points in each dataset greatly exceeds that of the number of free parameters in our most complex model we choose to minimise the AIC to give our best-fitting model with the largest evidence. This is also favoured in Gibson (2014) as it allows for more flexible models into the likelihood, which typically leads to more conservative error estimates.
The evidence calculated for each model additionally relies upon the uncertainty placed on the data (σ), which is dominated by photon noise in spectral extraction pipelines. To ensure appropriate uncertainties, we start by applying photon noise errorbars to each point and including our systematics models when running MPFIT (Markwardt 2009 ) which uses L-M least-squares minimisation to fit the data. We then determine the best systematic model used based on the AIC and rescale the lightcurve uncertainties such that it has a reduced χ 2 of 1. We then re-run each of the systematic models with the lightcurves prior to to marginalisation. Typically this rescales the errors by a factor of ∼1.1 to ∼1.2 times the theoretical photon noise limit of WFC3. Once we have applied this inflation to our errorbars the approximated evidence is modified to incorporate the likelihood function.
To apply this to our dataset we expand the above likelihood function,
where σ is the uncertainty on the data, and r i represents the model residual for the ith datapoint.
Substituting Eq 11 into Eq 6, we arrive at,
This gives us the final form of the evidence function for each of our systematic models applied to the data. This now needs to be transformed into a weighting so that each of the systematic models is assigned a percentage of the overall probability and, when normalised,
The individual weight (W q ) for each systematic model is calculated by
Where N q is the number of models fit, α m is the marginalised parameter, and α q is the measured parameter for each model. The weighting assigned to each model due to the evidence parameter can then be used to calculate the weighted mean of all the parameters (α) of interest
and the uncertainty (σ α ) on that parameter can be determined from σ αq i.e. the uncertainty on the parameter Fig. 3. -The evidence based on the AIC plotted against the evidence based on the BIC (top-squares), the χ 2 (middle-triangles), the Rp/R * (bottom-circles) for the 52 models computed for WASP31b. The best-fitting model is that with the highest AIC evidence parameter, while a similar trend is seen by reducing the ∆χ 2 the AIC penalises the models for added complexity.
α determined from the qth model,
This assumes that the AIC is a good approximation for the evidence calculated for each systematic model and uses a Gaussian approximation for the posterior distributions (?).
From the marginalisation over all 52 systematic models on the band-integrated lightcurve, the best-fitting model can reveal the dominant contributing systematics to each dataset. Figure 2 shows the calculated evidence based on the AIC approximation for all 52 models when fit to an example dataset, where the systematic model with the highest overall weighting for the marginalisation is indicated by an arrow along with the raw lightcurve fit. This clearly shows the sample of systematic models that are favoured when correcting this dataset and emphasises the need for through systematic model analysis. It is sometimes the case that a number of models will have a strong weighting on the band-integrated lightcurve, where their weight > 10%. Often these models correct for the same combination of systematic trends assigning a different order to the polynomial used for correction to within 1 order.
In Fig. 3 we demonstrate the statistical correlation between different factors used to select models, comparing the evidence based on the AIC approximation to that of the evidence based on the BIC approximation, and to the ∆χ 2 for all 52 systematic models. We additionally show the difference in the measured R p /R * computed for each model relative to the weight applied to that fit, again demonstrating the importance of using the correct systematic model when correcting transit data. 4. OBSERVATIONS Observations of single transit events are conducted using Hubble Space Telescope's (HST) Wide Field Camera 3 (WFC3) in the infrared (IR) with the G141 spectroscopic grism. Our observations span two HST large programs and two observation modes, stare mode and spatial scan mode, acquired between 2011-2012 over 25 HST orbits. Table 3 outlines the observational and planetary system parameters for each of the exoplanet hot Jupiters studied here: HAT-P-1b, WASP-31b, XO-1b, HD 209458b, and WASP-17b. Each of these exoplanet transmission spectra has been previously analysed and published: HAT-P-1b , WASP-31b (?), XO-1b , HD 209458b , and WASP-17b (Mandell et al. 2013) . Across these five exoplanet transmission spectra there are a variety of measured features over the expected H 2 O absorption bands, from full amplitude features extending several scale heights in the atmosphere, to muted and absent features. The study here is intended to demonstrate the most uniform analysis and comparison to date, such that differences between spectra can be more easily tied to the planets themselves and changes between different reduction techniques can be minimised.
We use the "ima" outputs from WFC3's Calwf3 pipeline. For each exposure, Calwf3 conducts the following processes: bad pixel flagging, reference pixel subtraction, zero-read subtraction, dark current subtraction, non-linearity correction, flat-field correction, and gain Fig. 4 , with the target spectrum outlined. This figure already demonstrates the difference in the individual observation strategies used for WFC3. The larger subarrays used for HAT-P-1 and WASP-17 include both the 0th and 1st order spectrum, while the smaller subarrays only contain the 1st order spectrum. There is also a clear difference between the brightest target, HD 209458 (V mag = 7.7), and dimmer targets (V mag >10.3), where a much larger scan area is needed for bright targets so that the detector is not saturated during the exposure. We also note that each HAT-P-1 exposure includes the spectral trace of the companion star to the target exoplanet host star. For each of our five exoplanetary transit datasets we extract each exposure spectrum with our custom IDL routine spextract, which optimises the aperture over which the target spectrum is exposed on each image (see Fig. 5 ). We then compute the band-integrated lightcurve by summing the flux over all exposed wavelengths to obtain the planet-to-star radius ratio (R p /R * ) and centre of transit time by fitting a Mandel & Agol (2002) transit model, created with non-linear limb-darkening parameters, to our data using the IDL code MPFIT. Due to the limited phase coverage of the HST transit observations, when fitting the band-integrated and spectroscopic lightcurves for R p /R * we fix the system parameters such as inclination and a/R * from a joint fit between HST STIS, WFC3, and Spitzer IRAC using a Markov Chain Monte Carlo (MCMC) analysis (Sing et al. 2016) , as fur- ther constraints cannot be placed with these individual datasets.
For each of the spectroscopic transit observations we compute the band-integrated lightcurve and transmission spectrum from 1.1-1.7 µm. Here we present the results from each of the hot Jupiter exoplanet transit lightcurves together, discussing the data with respect to the analysis technique and individual observation strategies.
Band-integrated lightcurve marginalisation
We use our systematic grid to determine the impacting systematics for each transit dataset. The grid consists of 52 systematic models using a combination of systematics in the polynomial model and the two different exponen- tial models (see Table 2 ). We then perform a marginalisation on the computed planet-to-star radius ratio, and centre of transit time, and determine the best-fitting systematic model with the maximum weight from the bandintegrated lightcurve.
For each of our datasets we use marginalisation as a tool to compute robust transit depths from the bandintegrated lightcurve. This also allows us to determine the main systematics impacting the lightcurves from the different spectral targets in a common and directly comparative manner. Figure 6 shows the evidence based on the AIC parameter for each systematic model used to correct the band-integrated lightcurve following the model numbers in Table 2 . We highlight the model favoured by this criterion corresponding to the systematic corrections with the highest weighting. From each of the fitting statistics it becomes clearer to see the differences across the datasets. For HAT-P-1 there is little difference between a large number of the systematic models with distinct groups of models which correct for only wavelength shifts and no "HST breathing" effects being disfavoured in the final marginalisation. Interestingly, the band-integrated lightcurve of WASP-31 does not favour systematic models which only correct for the known "HST breathing" effect, while the introduction of an additional visit-long linear correction makes these models most favourable. The systematic model correction for XO-1 favours higher order polynomials across HST phase and wavelength shift with little difference incurred with or without the visit-long slope. HD 209458 strongly disfavours corrections with only the "HST breathing" effect, with the evidence based on the AIC approximation several hundred points below the other systematic correction fits (these points have been artificially shifted on the scale shown with their original values listed above the shown points). This makes the other systematic models relatively stable in that no model appears to be greatly favoured above any others.
For WASP-17b it can clearly be seen in the raw lightcurve that there is a strong hook feature present (Fig. 1) , with an orbit-to-orbit repeating pattern in the residuals. The grid of systematic models used to correct the white lightcurve do not accurately account for this hook. To effectively correct for this systematic in the white lightcurve we use the divide-oot routine discussed in section 2.3, which removes common-mode time-dependent systematics. We then additionally apply a marginalisation over the systematic grid to remove any additional time-independent systematics and determine the planet-to-star radius ratio, where most models incor- porating θ, φ, and δ λ , show some favourability. With those only correcting for "HST breathing" trends again least favoured in each group of models applied to the data.
We also note that the two exponential models for each of the lightcurves are not heavily favoured and likely contribute negligibly to the resultant transit parameters. This may be the result of equal priors being placed on all the models tested. While this assumption holds when considering models from within the same family (i.e polynomial expansions), seperate priors may need to be placed when combining information from two different families of models. However, given that the exponential models were always found to give negligible weights, they are not likely sensitive to the priors.
Marginalisation offers a transparent analysis method where each stage can be deconstructed and used to understand both the dataset and the instrument. Figure 6 shows the top ten models favoured for each of the transit datasets analysed and the resultant planet-to-star radius Band-integrated shift in wavelength Spectroscopic shift and stretch in wavelength Spectroscopic shift in wavelength ( ) ( ) . A( ) Fig. 8 .-Diagram showing the three different methods for addressing the shift in the spectral wavelength position on the detector over the course of the observations. Band-integrated shift in wavelength, δ λ , calculated using the whole spectral range. Spectroscopic shifts in wavelength, δ λ (λ) calculated for each wavelength bin. Spectroscopic shift and stretch in wavelength, δ λ (λ).A(λ), calculated using both a shift and stretch in the spectral template to correct systematic shifts on the detector during the observation.
ratio following the L-M least-squares fitting (L-M) with the Mandel & Agol (2002) transit model. This shows more clearly the impact the different systematic models have on the desired transit parameters. When the weighting assigned to the systematic model becomes negligible, the impact on the final values also reduces, meaning only the best models become relevant in the final parameter determination. From this it is also possible to determine the main source of corrections associated with different models. For example, the absolute radius ratio computed from the WASP-17b data indicates that the visit-long correction impacts both the calculated radius ratio and the uncertainty associated with the fit. The visit-long correction is especially important for this dataset to account for the absence of post-transit data which is used to determine the stellar baseline flux. By using the results computed from all of the systematic models that may best represent the data, marginalisation produces a robust and accurate description of the specific dataset and thus the planetary parameter, as can be seen in the final band-integrated radius ratio and the associated uncertainty, shown by the colored lines in each plot.
Similar to our previously published work (e.g. Wakeford et al. 2013; Nikolov et al. 2014; ?) , to corroborate the uncertainties estimated by L-M using MPFIT, we also applied a MCMC analysis, using the IDL routine EXOFAST (eastman2012a), to the band-integrated light curves for the five most favored systematic models in each planetary dataset. While, MPFIT uses L-M least squares fitting the parameter errors from the covariance matrix calculated using numerical derivatives, the MCMC evaluates the posterior probability distribution for each parameter of the model. Using the MCMC analysis we find that the uncertainties are within 10% of those calculated using our analysis with L-M, as they are largely gaussian in nature. We calculate the mean percentage difference between the MCMC and L-M analysis, for the uncertainties associated with the measured Rp/R*, calculated using the top five systematic models on the band-integrated lightcurve for each dataset, HAT-P-1b, WASP-31b, XO-1b, HD 209458b, and WASP-17b respectively, 1.6%, 7.0%, 6.1%, 4.8%, and -16.4%. In the case of WASP-17b the MCMC solution produces slightly larger uncertainties on average compared to MPFIT. This slight overestimation in the MCMC is likely the result of separately fitting the residual systematics with the model and divid-oot, whereas when using MPFIT we fit these simultaneously.
Marginalisation is therefore applicable to a range of datasets where the general systematics that may impact the data are known but not well understood for each observation. By computing the desired parameter for each systematic model and marginalising over all results according to their likelihood, information is preserved. This is important for transit lightcurves where the absolute radius ratio is important for combining data from different instruments (i.e STIS, WFC3, Spitzer), and when conducting comparative studies between different exoplanet atmospheres.
Spectroscopic lightcurve marginalisation
In addition to performing marginalisation on the bandintegrated lightcurves we also compute the evidence and weighting for each systematic model applied to the individual spectroscopic lightcurves to test the impact on the calculated transmission spectrum.
We compute the spectroscopic transmission spectrum by binning up each exposure spectrum into a number of wavelength bins. We perform sigma clipping on each of the datasets using the best-fitting band-integrated lightcurve systematic model from the grid shown in Table  2 , to remove wavelength dependent outliers that deviate from the residual scatter by greater than 4σ. We then fit the transit lightcurve in each bin with our systematic grid to determine any wavelength dependent systematics in each bin. We then compute the marginalised transit parameters for each spectroscopic lightcurve and thus the final transmission spectrum.
The grid of systematic models applied to each dataset is based on three main systematics observed in WFC3 time-series data. Of these three systematics, visit-long slope, HST thermal variations, and wavelength shift, only the shift in wavelength on the detector is based on a wavelength dependent array. As outlined in section 2.2 the array for the shift in wavelength over the course of the observation is calculated by cross-correlating the stellar spectrum with a template spectrum. This array can be calculated for the whole stellar spectral band, or calculated for each spectroscopic bin using a wavelength defined section of the spectral trace. In the following sections we analyse the transmission spectrum of our five targets using the band-integrated wavelength shifts (δ λ ), and the individual spectroscopic wavelength shifts (δ λ (λ)), using marginalisation to evaluate the impact of the systematics. We then apply a spectroscopic shift and stretch (δ λ (λ).A(λ)) method to determine the robust nature of transmission spectral structures in each planetary dataset (see Fig. 8 ) and present marginalisation as the best technique for measuring planetary transmission spectra.
Band-integrated wavelength shifts
As shown by the highest weight models from the bandintegrated lightcurves (Fig. 7) shifts in the wavelength position of the spectrum across the course of the observation can play a significant role in the lightcurve systematics. To determine the impact of the physical shift on the detector across the whole spectral trace, we compare the wavelength shift to the raw flux residuals computed from the band-integrated lightcurve (δ λ ), and calculate the correlation coefficient and false alarm probability for each dataset as measured by the Spearman's correlation coefficient. Figure 9 shows that there is no generic correlation between the shift in wavelength on the detector and the systematics observed in the band-integrated lightcurve for almost all datasets considered, although some datasets do show significant trends. This highlights the need to investigate the correlation between wavelength shift on the detector and the systematics present in the band-integrated lightcurve, as the effect could be significant in order to detrend the data.
The strong correlation between wavelength shifts and the raw data measured for HD 209458, which was also noted by Deming et al. (2013) , suggests that wavelength dependent systematics are dominant in these observations. This correlation is also shown by the most favoured systematic model from the band-integrated lightcurve based on the weighting calculated prior to marginalisation. The spectrum of HD 209458b differs significantly from the other targets in this sample as it is a much brighter target, roughly 3 magnitudes. This requires a much higher scan rate over a larger range, which likely leads to the larger shifts measured. We investigate the impact this large wavelength shift has on the computed transmission spectrum and the use of different techniques related to the wavelength shift to account for this noted systematic effect.
Similar to the analysis conducted on the bandintegrated lightcurve, we calculate the R p /R * and uncertainty by fitting each spectroscopic lightcurve with all 52 systematic models using the δ λ array. We then margainalise over all models in each spectroscopic bin using the MLE based on the AIC to produce the atmospheric transmission spectrum for each planet. This assumes that the shift in wavelength position on the detector is constant across the whole spectral trace with no additional systematic shifts in each individual wavelength regime selected by binning the data. Again, by Fig. 9. -Trends in band-integrated wavelength shift (δ λ ) in correlation to the observed stellar flux, where the transit is removed. The correlation coefficients show that the δ λ is weakly correlated with all of our datasets apart from HD 209458b, which shows a strong correlation (0.7545) with a negligable false alarm probability. Fig. 10 .-A plot of the wavelength shift measured in each spectroscopic bin of the observed stellar spectrum, δ λ (λ), when crosscorrelated with a template spectrum for each bin. The wavelength shift measured using the whole spectrum is shown as a thick black line. Each planetary dataset is represented in a seperate plot. The wavelength shifts are shown for spectroscopic bins spanning 10 pixels.
using marginalisation in each bin separately, we allow the data to define the systematic corrections being applied to each lightcurve and then use all of the information to calculate the final transmission spectrum. In each case this produces a marginal amount of additional scatter in the computed R p /R * for each bin while maintaining a robust transmission spectral shape across the whole spectral range.
Spectroscopic wavelength shifts
To determine if there is a wavelength dependence to the shifts on the detector, we calculate an array of shifts for each spectral bin, δ λ (λ). Each δ λ (λ) array is calculated in the individual wavelength channels by crosscorrelating each portion of the spectrum with a template of the same region of the stellar spectrum for that spectroscopic channel. A similar method is used in the analysis of WASP-33b emission spectra Haynes et al. (2015) , which showed additional wavelength dependent systematics associated with the shift of the spectral trace in the wavelength position on the detector. Figure 10 shows the wavelength shift calculated for each exposure, by cross-correlating the spectra for bins spanning 10 pixels compared to the wavelength shift across the whole spectrum shown as a bold black line. This shows that in a majority of the datasets, the shift in wavelength is consistent across the spectrum and across each exposure, as shown from the correlation in Fig. 9 . However, the spectrum of HD 209458b shows significant shifts in each wavelength bin, similar to the shifts in the full spectrum, with additional changes between the different spectral channels. Again this may be the result of the fast scan rate used in the observations of HD 209458 as it is a much brighter star.
To test the effect these have on the resultant transmission spectrum, we use the wavelength shift for each channel for the polynomial models in our systematic grid and applied it to each bin (i.e. replacing our δ λ array with an array of δ λ (λ) for each wavelength bin). We then marginalise over the whole of our systematic grid to produce the final transmission spectrum across the spectral range.
In Fig. 11 we show the transmission spectra of all five targets for each systematic model using the δ λ (λ) arrays. Similar to the analysis conducted using the δ λ arrays, the shape of each transmission spectrum appears robust across most systematic models with variations in the scatter across each of the datasets. In the bottom of each plot we display the marginalised transmission spectrum (triangles) calculated using the whole systematic grid. This demonstrates how each of the systematic models effect the final R p /R * value in each bin. Larger scatter represents larger uncertainties on the final points, and where small uncertainties are observed, it is likely the highest weighted models lie in a specific portion of the systematic grid for each bin. In this analysis we also show the transmission spectrum calculated using the highest weighted systematic model, defined by the bandintegrated lightcurve in section 4.1 (asterix). In three out of five cases this matches very closely to the marginalised transmission spectrum, suggesting in these cases that additional wavelength dependent systematics do not greatly affect the spectroscopic lightcurves. However, in the case of WASP-17b the transmission spectrum calculated using a single systematic model results in a significant difference in the the shape and uncertainties associated with the spectrum. As seen in the band-integrated lightcurve analysis (Fig. 7) , this is likely due the small final weighting assigned to any particular systematic model from the grid, so no particular model is adequately able to define the systematics in the lightcurves.
In contrast to the small changes observed between the computed transmission spectra of WASP-17, the transmission spectra computed for HD 209458b show distinct differences between the two spectra, with increased scatter in over 20% of the spectral bins and a number of points falling outside the range of the plot. In the case of HD 209458b's transmission spectrum, using the most favoured band-integrated systematic model to fit the spectroscopic data clearly no-longer applies to the individual bins when using the δ λ (λ) array. This further emphasises the power of the marginalisation technique where the systematics associated with the observations are not well known over a single systematic model fit based on general lightcurve statistics.
4.2.3. Wavelength stretch and shift template To further test the impact of wavelength shift treatment on the resultant transmission spectrum we additionally apply the wavelength 'stretch and shift' template method employed by Deming et al. (2013) as described in section 1.1. In each bin the spectrum is smoothed and fit with a template that is shifted in wavelength position and stretched in amplitude (δ λ (λ).A(λ)), as an averaged spectrum will likely be slightly broadened by the wavelength shifts. This produces a residual array for each wavelength channel with both common-mode band-integrated and wavelength shift systematic corrections removed.
This method, similar to divide-oot, relies on canceling out common-mode systematics and assumes that HST breathing effects and linear trends in time are both wavelength independent systematics. To account for any Fig. 11 .-The marginalised transmission spectrum for each of our five exoplanet atmospheres using spectroscopic wavelength shifts, δ λ (λ). Top of each plot: the transmission spectrum for each planet calculated using our systematic grid. Bottom of each plot: the marginalised transmission spectrum calculated using systematic wavelength shifts, δ λ (λ) (triangles), and the transmission spectrum calculated using spectroscopic wavelength shifts and the best-fitting systematic model as determined from the band-integrated lightcurve analysis (stars). This shows that in most cases there is little significant difference between the two choices of treatment to the wavelength shifts. However, when the difference between shifts in each spectroscopic bin is large, as seen in HD 209458b, the spectroscopic treatment of the systematics using the best fitting model from the band-integrated fit is not effective.
residual wavelength dependent systematics in the spectroscopic lightcurves, we modify the 'stretch and shift' technique to run with our systematic grid to determine if any additional systematics are present in the spectroscopic lightcurve. We then marginalise over the whole systematic grid to calculate the final transmission spectrum for each planet.
Marginalised transmission spectra
In Fig. 12 we show the margainalised transmission spectrum from all three of our wavelength shift treatments; δ λ (circles), δ λ (λ) (triangles), and δ λ (λ).A(λ) (squares). The transmission spectra for HAT-P-1b, WASP-31b, XO-1b, and WASP-17b, show no statistically significant differences between each of the three treatments. Importantly, this demonstrates that the Fig. 12. -The marginalised transmission spectrum calculated using stretch and shift δ λ (λ).A(λ) (squares), the marginalised transmission spectrum calculated using spectroscopic wavelength shifts δ λ (λ) (triangles), and the marginalised transmission spectrum calculated using the band-integrated wavelength shift δ λ (circles). Here we present the δ λ (λ) transmission spectrum as the most robust and consistent systematic treatment of WFC3 datasets, to enable large cross-comparisons between multiple observations, and therefore atmospheric detections, when related to the specific planetary scale height (right y-axis). more intensive treatments to the wavelength shift systematics are not producing additional non-physical absorption signatures in the transmission spectrum. The transmission spectrum of HD 209458b, however, shows large differences between all three of the methods employed to correct the significant wavelength shifts that occurred over the course of the observations. This strongly suggests that the shifts in wavelength observed at the band-integrated level, and at the spectroscopic level, have a large effect on the systematic treatment and therefore interpretation that can be placed on the calculated transmission spectrum. Using the δ λ correction produces a flat transmission spectrum with large uncertainties, while structure emerges with reduced uncertainties using both the δ λ (λ) and the 'stretch and shift' δ λ (λ).A(λ) techniques. This suggests that there are wavelength dependent systematics associated with the wavelength shifts in the spectroscopic lightcurves which are used to calculate the atmospheric transmission spectrum.
In this study we present marginalisation as a method of systematic correction which can be applied to a large series of datasets simultaneously using the individual datasets to define the corrections applied. As such, the systematic models being mraginalised over need to represent the diversity in datasets and observation strategies. Here we present marginalisation along with the δ λ (λ) treatment as a main result of our analysis, as it treats the wavelength dependence of the observational systematics in a consistent manner as defined by the individual dataset, while still allowing for a direct comparison between each planetary atmosphere, by maintaining the relative absolute depth of the observed transit. The δ λ (λ) correction is favoured over the stretch and shift method, as stretch and shift uses smoothing and common-mode techniques which adjust the absolute baseline of the transmission spectrum making interpretation of low amplitude spectra difficult. The δ λ (λ) correction is also favoured over the broad-band δ λ correction as it accounts for the small variations in the wavelength shifts measured in each bin which impact the data rather than using the average, as the deviation from the average Fig. 13 .-Marginalised transmission spectrum calculated using spectroscopic wavelength shifts δ λ (λ) (triangles) plotted against the published transmission spectra (stars). HAT-P-1b , WASP-31b (?), XO-1b, and WASP-17b (Mandell et al. 2013) , and the transmission spectrum computed using 'stretch and shift' (squares) for HD 209458b can vary from observation to observation (see Fig. 10 ). We quote the computed transmission spectra for each of the planetary datasets following marginalisation of our systematic grid with the δ λ (λ) correction in Tables 4 to 7. In the case of HD 209458 where fast scan rates were used as a result of a bright target star, we present the 'stretch and shift' method, δ λ (λ.A(λ), as brighter targets require an additional level of processing to produce robust and accurate transmission spectra (Table 8 ). Figure 13 shows the marginalised transmission spectra computed for all of our targets compared to the previously published transmission spectral values. Where appropriate we have attempted to match the resolution of the previous measurements, in the case of WASP-17b this was not possible due to the quality of the data and the lower resolution spectrum is shown. In the case of XO1b and HD 209458b the published transmission spectra have been shifted by -0.0016 and -0.00022, respectively as the published spectra include a common-mode technique which affects the absolute baseline of the calculated transmission spectra. This shows that the marginalisation technique can be used both on the band-integrated lightcurve, and the spectroscopic lightcurves while maintaining the absolute depth and shape of transit. For HD 209458b we find larger uncertainties associated with several bins as marginalisation incorporates the information from all models in the systematic grid, while the published data is fit only with a linear trend in time.
CONCLUSION
We have applied the systematic marginalisation technique proposed by Gibson (2014) to HST WFC3 lightcurves to determine robust transit parameters across multiple datasets. This has allowed us to incorporate all of our current knowledge of HST WFC3 into a single systematic treatment when estimating the planet parameters. We examine the marginalisation technique in relation to the current field and present an outline of the methods used. We compute the maximum likelihood estimation, for each systematic model when fit to the data based on the AIC. We then calculate the weight assigned to each systematic model and use the information from all tested models to calculate the final marginalised transit parameters for both the band-integrated lightcurve, and the spectroscopic lightcurves to construct the atmospheric transmission spectrum. This allows for a more through exploration of the degeneracies between the planet signal and the affecting systematics to derive more realistic uncertainties on the data.
We demonstrate that marginalisation is able to more accurately describe the data producing realistic uncertainties, as well as providing valuable insight into the instrument and impacting systematics. We find that the systematic models with the heighest weight all include a higher order (3rd or 4th order) polynomial correction in HST phase, to account for the thermal variations over the course of each orbit. We also find that a linear correction in time across the whole visit is required in over five out of the top ten systematic models selected for each dataset, suggesting it has a high impact on the observational systematics in WFC3 data. We additionally test the dependence on the shift in spectral wavelength position over the course of the observations and find that spectroscopic wavelength shifts δ λ (λ), best describe the associated systematic when applying the full systematic grid to each spectroscopic lightcurve to produce the final transmission spectrum. However, in the case of bright targets where scan rates are large, such as HD 209458b, additional treatment to the spectral position systematic are required to produce a robust and accurate transmission spectrum.
The use of marginalisation accounts for all of the information from each systematic model tested, compared to relying solely on the BIC to select a particular systematic model for the data. Marginalisation across a systematic grid is shown to have the greatest effect on datasets where the impacting systematics are not well defined but can be estimated by a family of similar models. Using marginalisation to correct for instrument systematics in both the band-integrated and spectroscopic lightcurves, we show the measured transmission spectrum of five exoplanet atmospheres which maintain the absolute transit depth. In most cases, we find similar overall shapes and baseline depths using marginalisation. Compared to previously published results, marginalisation can increases the errorbar values on each measurement by up to ∼30ppm in the most extreme cases, when the systematics cannot be well described by known systematics.
Critically, we contrast this technique with current analysis methods used in the field and demonstrate the uses of marginalisation to make large comparative studies of different exoplanet atmospheres possible. Previous studies often use the most favoured systematic model alone to correct transit lightcurves, we show that using marginalisation across a systematic grid of models can more accurately represent data where multiple systematic models fit equally well. The use of marginalisation over a grid of systematic models related to the instrument where observations strategy and instrument modes may have a varied effect, allows for a direct comparison between multiple planetary atmospheres by allowing the data to define the analysis while keeping the characterisation consistent, which cannot be done when varied singular analysis methods are applied.
Marginalisation can be applied to a multitude of transit observations, expanding the ability to make a robust comparison of exoplanet atmospheres as more favourable targets are observed. Additionally, margianalising over a series of systematic models will be important for new generations of instrument, to more easily determine the impact individual systematics have on the data and to aid in optimised observing strategies. This will be particularly important for James Webb Space Telescope observations where there is potential to observe smaller and colder worlds, as the observing strategies and treatment of systematics will likely define the measurements.
As can be seen in Fig. 12 the transmission spectra show an overall similarity around the H 2 O absorption band centered at 1.4 µm with varied depressed amplitude features. In a follow-up paper we use marginalisation across a wider range of hot Jupiter transit lightcurves from WFC3 in a comparative study of their atmospheres and discuss the interpretation with a series of theoretical models and T-P profiles.
